In rock mechanics, measurement of small strain response is the most basic and significant means of assessing rock mechanical and elasticity behavior. To overcome the difficulties of mounting, handling many cables, dependency of the stain responds measured to the properties of the sensor components, this paper intends to explore the applicability of a novel multi-channel Fiber Bragg Grating sensors (MC-FBGs) for determining small strain response of cylindrical rock specimen under uniaxial compression test for assessing deformability properties. The concept, design and embedment technique of MC-FBGs employed in the experiment are illustrated concisely. To analyze the stress-strain respond of a cylindrical limestone specimen, two axial FBGs placed diametrically opposite to each other along the longitudinal axis of the specimen and two radial FBGs embedded opposite to each other circumferentially within the central one-third portion of the specimen were adopted for axial and radial strain response measurement. In addition, two electrical resistancebased strain gauges (SG), one mounted axially and the other attached radially along the circumference, are used for comparative measurements with the FBGs. The values of unconfined compressive strength, Young's modulus, crack initiation and crack damage stress obtained from MC-FBGs and SG are in good agreement. It could be deduced that MC-FBGs can measure small strain response of limestone, stiffness anisotropy as well as measure the vital stages of rock failure mechanisms proficiently. MC-FBGs could serve as an alternative approach for determining reliable, accurate and precise compressive strain response of a limestone.
INTRODUCTION
The study of mechanical behaviour of rocks under the influence of external loading is very vital as it set a platform for understanding various natural geophysical processes that occurred in earth's crust, also to provide engineering solutions associated with the wide range of human activities especially with the evolvement of large geotechnical engineering structures such as deep tunnels, boreholes for oil and gas and tunnel for storage of radioactive waste. Strain response plays an important role in analyzing the mechanical behavior of rocks either in the small-scale specimen or largescale geotechnical structures, especially for structural health assessment. Most rocks are very stiff, therefore their strain response to loading is very small (microstrain) [1] . This requires a very accurate and high precision device to obtain a realistic stress-strain relationship of the rocks.
In the laboratory, uniaxial compression test (UCT) is one of the basic and vital tests routinely performed on rock specimens [2] . It is imperative to highlight that UCT is methodized by both the International Society for Rock Mechanics (ISRM) and the American Society for Testing and Materials (ASTM). Varieties of instruments and devices are coopted during the UCT test to characterize the small strain response of rocks with reasonable accuracy. Over the years, various devices were implemented to measure strain in UCT of rocks; Linear variable differential transducers (LVDT) [3] , strain gauges (SG) [4] , acoustic emission (AE) [5] , digital image correlation (DIC) [6] , extensometer [7] , and digital terrestrial photogrammetry [8] . Despite the fact that the existing strain monitoring techniques are comparatively considered precise and reliable throughout the measuring period, the inherent limitations or deficiencies of non-immune to electrical short-circuiting, effect of lightning, electromagnetic interference (EMI), difficulties in mounting, signal loss over long range experience by some of the techniques, use of many cables and post-experimental calculations steal continued to exist [9] . Moreover, the measured strain from the conventional strain devises is heavily dependent on the properties of the device components, defective component leads to uncertainty in results. Which is why many other new techniques have continued to evolve.
MC-FBGs have continued to gain more attraction due to its diversity in the measurement of quantities (e.g.; strain, temperature, pressure, force, displacement, vibration etc) [10] . The versatility of MC-FBGs is due to magnificent advantages of being; light in weight, small in size, single and multi-point sensing, resistance to hash laboratory environmental condition, multifunctioning, linear output, resistance to corrosion, immune to electrical short-circuiting, the effect of lightning and EMI [11] . FBGs have demonstrated a wide range of application in, security, pipelines, wells, seismic, and for smart structures in civil engineering [12] [13] [14] [15] [16] [17] .
Nevertheless, it is useful to mention some of the disadvantages of using FBGs; limited suppliers and a lack of standards. FBGs provide a point or quasidistributed sensing measurements. Where distributed measurement is required, distributed fiber optics sensors based on Brillouin Optical Time Domain Analysis (BOTDA) or Brillioun Optical Time Domain Reflectometry (BOTDR) are most suitable [18, 19] .
Over the years, FBG sensor has gained acceptance for use in determining the mechanical behavior of rocks [11] , [20] [21] [22] .
In this paper, a new method of measuring strain response on limestone specimen using multichannel FBGs is initiated and implemented on brittle rock (limestone) to capture the axial and radial strain response of a cylindrical core specimen. By equating the measured values obtained from FBGs with that of the SG, the practicability and efficiency of the FBGs arrangement are asserted.
WORKING PRINCIPLE OF MULTICHANNEL FBG SENSOR
Basically, there are two types of optical fibers: multi-mode optical fiber (MMOF) and single mode optical fiber (SMOF). MMOF has a relatively large core that transmits multiple rays or mode of light. It is suitable for short distance signal transmission. On the other hand, SMOF is designed to transmit a single ray or mode of light as a carrier, it is used for transmitting signals over a long distance. SMOF is suitable for a wide range of application with wavelength capability between 488 nm to 1625 nm. The fiber core can be either Germania doped fiber or pure silica. The Germania doped substantially improve photosensitivity making it an ideal candidate for FBGs fabrication. Pure silica option improves hydrogen resistance of SMOF making it suitable for high-temperature applications such as in oil and gas wells with minimal photodarkening. FBGs is a distributed Bragg reflector embossed within a small section of a single mode optical fiber SMOF which can reflect a specific wavelength of light and transmits all the other wavelengths.
FBGs are formed by engraving an unseen permanent periodic refractive index change in SMOF core. The components of SMOF are cladding and core, the refractive index of the core (inner part) is greater than that of the cladding (surrounding) which ensure total internal reflection. Schematic diagram of the FBGs working principle is shown in Fig. 1 . External factors such as heat and pressure will cause a shift in the wavelength of the reflected light; this variation can then be translated into physical engineering units such as amplitude, strain, and temperature with the help of interrogator. Certain interrogators available in the market can detect a shift in the Bragg wavelength of as small as 1pico meter (10 -12 m). From Fig. 1 , the reflected light's wavelength can be obtained using Eq. (1) [23] .
Where; is the refraction index of the fibre core and Λ is the grating period of index modulation. Shift in the wavelength (∆ ) during the experiment can be determined using Eg. (2) [24] .
Where; is an effective photo-elastic constant of the fiber core material, ∆ is change in the strain, and are temperature coefficients, and ∆ is change in temperature.
HEADINGS

Fig.1 Schematic diagram of FBG working principle
When the temperature is constant, Eq. (2) can be written as Eq. (3):
Where k is a strain constant ≅ 0.78 for an ordinary bare SMOF. The entire compression test experiment was conducted in a relatively short period of time, therefore thermal variation within the vicinity of the gratings is neglected.
Design of Multichannel FBGs
The whole experiment was conducted using standard SMOF (SMF-28e) to eradicate 
EXPERIMENTAL SETUP
Specimen Preparation
A 50-mm diameter limestone rock core obtained from tunneling site in Ipoh, Perak, Peninsular Malaysia was used in the study. The rock core was cut into the laboratory testing specimen's size using aspect ratio (ratio of length to diameter) of 2.0 at thin-section laboratory. The two faces are trimmed making sure that a perfect right circular cylinder is obtained in accordance with ISRM standard. Prior to the testing, the specimen is oven dried for 24 hours to ensure testing on the dry state. Table 2 summarises the properties of the specimen.
In this experiment, the limestone surface was polished using sandpaper, and the adhesive was applied onto the FBGs in accordance to the measurement position with the help of sellotape. 
Apparatus
The test is conducted using the RT-1000 testing machine manufactured by IPC global rock tester with an axial loading capacity of 1000 kN. A single desktop computer with the software of the machine installed is fully dedicated to the machine. The software provides the user with several options including the type of test (dynamic or static) and the loading condition (axial force-controlled, or displacement-controlled mode). Limestone core (instrumented with strain SG and FBGs positioned along an axial and radial direction to record axial ( ) and radial ( ) strain respectively) is placed on the lower plate of the machine (Fig. 2) . For better comparison of the recorded data, the SG and the FBGs are positioned adjacent to each other respectively (Fig. 3) . The test was carried out using displacement-controlled rate of 0.5 mm/s. The entire experiment was performed at relatively room temperature to prevent the effect of temperature variations on FBGs. The axial force recorded during the test is divided by the initial cross-sectional area of the specimen to obtain the axial stress. The stress plotted against the axial and radial strain responses recorded by FBGs and SG, is presented in Fig. 4 with each response indicated with a distinct color. The strain response portrait by FBGs ( − -FBG) signifies the average strain accorded by the two axial (V1 and V2) and two radial (L1 and L2) FBGs respectively.
-SG and -SG represent the radial and axial strain by SG while -FBG and -SG denotes the volumetric strain by FBGs and SG respectively. The results of the compression test indicated that the strain response recorded by FBGs and SG are in good agreement. The strain measured by the FBGs and SG are almost similar. The failure pattern of the limestone core tested is vertical splitting [25] . Figure 4 explains the existing crack closure scenario in the specimen. Subsequently, FBGs was able to locate widely accepted four-stage model of rock failure mechanism: crack closure (σcc), crack initiation stress (σci), crack damage stress (σcd) and uniaxial strength (UCS) which are very important parameters in the analysis of limestone behavior. Also, elastic parameters (Young's modulus E and poison's ratio) which provides essential information needed for the design of excavation, borehole stability and defining parameters needed for constitutive models (Table 3) are determined. While E and poison's ratio informed about the mechanical behavior of the rocks, σci, and σcd are thresholds that serve as warning indicators of rock mass damage and breakout respectively. Beyond σcd, crack propagation can no longer be controlled resulting in an unstable process.
Comparatively, values obtained by FBGs and SG are in close agreement (Table 3) . Even though both sensors provide reliable information, FBGs have shown promising performance. Therefore FBG can reliably measure the strain response and potential crack grows of a limestone core specimen effectively. Moreover, reliable, accurate and high precision data of rock deformation are extremely useful and valuable to provide raw data and theoretical mechanism needful for further experimental analysis, numerical simulation and field applications. While FBGs can be most suitable for use in certain difficult areas, a huge gap exists in the field especially with the evolvement of large underground tunnel constructions, particularly around Ipoh area where limestone is the predominant types of rock. FBGs application in the laboratory UCT is fundamental for more complex test and field monitoring application. 
CONCLUSION
Smart way of measuring strain response of limestone rock significantly with high precision using a new MC-FBGs, under uniaxial compression for on-specimen measurement is presented. The advantages offered by FBG sensing techniques coupled with the need for an alternate simple and accurate technique to breach the shortcomings of the existing are the stimuli for this study.
MC-FBG is shown to be effective in monitoring the strain responses of limestone core specimen subjected to UCT with ease high resolution and accuracy. It was found out that the results recorded by FBGs resemble those obtained by SG.
The experiment reported is an effort and try-out on the use of FBGs to measure the strain responses 
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